A human serotonin (5-HT) 2C receptor gene polymorphism leads to the substitution of cysteine for serine at codon 23 (Cys23Ser); the frequency of the Ser23 allele in unrelated Caucasians is approximately 0.13. In the present study, we assessed whether Cys23Ser could affect receptor function. The two alleles were functionally compared following expression in COS-7 cells. The constitutive activity of the receptor in an in situ reconstitution system was also evaluated following expression of each allele in Sf9 cells. Using radioligands, Ser23-expressed membranes showed reduced high-affinity binding to meta-chlorophenylpiperazine (m-CPP) and 5-HT. Although the amplitude of the 5-HT-induced intracellular Ca 2 þ peak did not differ between the alleles, Ser23 required higher 5-HT concentrations to elicit the same response. These differences might be due to more extensive desensitization in the Ser23 form. In the in situ reconstitution system, the 5-HT 2C receptor displayed considerable constitutive activity, with the Ser23 allele being significantly higher in this regard than the Cys23 form. After prolonged serum deprivation in order to resensitize the receptor, four of the 15 cells expressing Ser23 showed abnormally higher m-CPP-induced sensitivity of the Ca 2 þ response. These results indicate that the Ser23 allele may be constitutively more active than Cys23. Thus, Ser23 appears to be an abundant candidate allele capable of directly influencing interindividual variation in behavior, susceptibility to mental disorder, and response to drugs including atypical antipsychotic and some antidepressant drugs that are potent 5-HT 2C inverse agonists or antagonists.
The serotonin (5-HT) 2C receptor is distributed widely throughout the brain, but is densely expressed in regions implicated in anxiety, mood, drug-induced hallucinogenesis, reward, neuroendocrine regulation, and appetite. 1 5-HT 2C receptor knockout mice become overweight as a result of abnormal control of feeding behavior and are prone to spontaneous death from seizure, 2 while 5-HT 2C receptor mutant mice exhibit abnormal spatial learning and a reduced aversion to a novel environment 3 and consume more food. 4 Mutant mice also showed a decreased satiety response to Dfenfluramine, a releaser of 5-HT. 5 In studies that compared healthy human subjects with patients afflicted with alcoholism, anxiety disorders, or affective disorders, differences in hormonal and psychological responses were observed following administration of m-chlorophenylpiperazine (m-CPP), a nonselective 5-HT 2C agonist. [5] [6] [7] [8] [9] Furthermore, various antipsychotic drugs and antidepressants have been shown to be direct acting inverse agonists or antagonists of 5-HT 2C receptors. [10] [11] [12] Therefore, 5-HT 2C receptors have been hypothesized to be a target of drugs used for the treatment of schizophrenia, affective disorders, anxiety disorders, and dyskinesias. 13, 14 Thus, diverse lines of evidence implicate genetic perturbation of 5-HT 2C receptors as a potential origin of differences in behavior and drug response.
We identified a human 5-HT 2C receptor gene (HTR2C) polymorphism that leads to substitution of cysteine for serine at position 23 (Cys23Ser). 15 The amino-acid residue at this position is located in the putative extracellular N-terminus of the 5-HT 2C receptor, a seven-transmembrane-domain G proteincoupled receptor (GPCR). Cysteine residues play a key role in the formation of a disulfide bridge found within GPCRs 16 and in the formation of disulfidelinked GPCR dimers. 17 Since Cys23 is the only cysteine residue in the N-terminus of the receptor, the naturally occurring Ser23 substitution could disrupt a disulfide bridge within or between 5-HT 2C receptors. In addition, it has been noted 18 that 5-HT 2C receptors possess an extra hydrophobic domain within the N-terminal region, and modification of this domain may affect the receptor's function by changing the hydrophobicity of a putative membranedocking domain.
The frequencies of the Cys23 and Ser23 alleles in unrelated Caucasians are 0.87 and 0.13, respectively. 15 As HTR 2C is located on the X chromosome, about 13% of male Caucasians are hemizygous for Ser23, expressing only this form of the 5-HT 2C receptor. Due to X-inactivation, there is also the possibility for chimeric expression in the brains of females. Direct evidence that Cys23Ser is functional has not been presented. However, because this aminoacid substitution is abundant and nonconservative, it has been frequently investigated for involvement in psychiatric disease and drug response. We have reported that Cys23Ser is related to CSF monoamine metabolite concentrations and DSM-III-R psychiatric diagnosis. 19 Cys23Ser has also been reported to significantly associate with clozapine response in schizophrenia, 20 bipolar disorder 21 , tardive dyskinesia in chronic schizophrenia 14 and the personality trait of reward dependence, 22 although the relations of Cys23Ser to behavior and drug response are still controversial.
The difficulties just outlined in evaluating the phenotypic role of Cys23Ser are typical of the problems faced in the analysis of the role of genes in complex behavioral phenotypes. However, the search for a link between phenotype and candidate genes can be guided by prior demonstration of in vitro functional significance of their variants. Such functionally significant alleles have a higher prior probability of genuine involvement in phenotype. Also, the effects of allelic variants on phenotype may be better anticipated if their cellular function is understood. Comparison of the expression of allelic variants in vitro can reveal a variety of potential functional effects under carefully controlled experimental conditions. 5-HT 2C receptors couple to the G q family of G proteins, activating phospholipase C to hydrolyze phosphoinositide and produce two second messengers, diacylglycerol and inositol triphosphate. 1 Inositol triphosphate mobilizes calcium from intracellular stores, increasing the intracellular calcium concentration ([Ca 2 þ ] i ), whereas diacylglycerol activates protein kinase C. Human 5-HT 2C receptors are silenced for otherwise high constitutive activity by RNA editing. 23, 24 Altered editing would likely influence either the baseline state of behavior or drug response. Recently, altered editing of 5-HT 2C receptors was detected in the prefrontal cortex of depressed suicide victims. 25, 26 A point mutation in the third intracellular loop causes constitutive activation of the 5-HT 2C receptor, 27 and mutations in several protein domains can lead to constitutive activation of GPCRs. 28, 29 We therefore investigated whether Cys23Ser affects the ligand affinity, transduction, and constitutive activity of the 5-HT 2C receptor. To detect functional differences between the two alleles, we compared their receptor-binding profiles and ability to mobilize calcium in COS-7 cells. We also explored the mechanism for the difference between the constitutive activities of the two alleles using a novel procedure for in situ reconstitution.
Materials and methods

Materials
The Sf9 cell line and COS-7 kidney cell line were obtained from GIBCO/BRL (Grand Island, NY, USA) and the American Type Culture Collection (Rockville, MD, USA), respectively. Tissue culture media, transfection media, and lipofectamine were purchased from GIBCO/BRL. The expression vector, pcDNA3, was purchased from Invitrogen (San Diego, CA, USA). mesulergine was isotopically diluted with unlabeled ligand to vary the concentration. Con-centrations of the tracer ligands were confirmed by measurement in an aliquot of the binding reactions. Binding assays were terminated by rapid filtration through Whatman GF/C filters that were pretreated with 0.1% polyethyleneimine. Filters were then washed three times with 5 ml of 50 mM Tris-HCl (pH 7.4) at 41C. Radioactivity was detected by liquid scintillation counting. Nonspecific binding was estimated in parallel incubations containing 10 mM mianserin. Protein concentrations were determined using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Melville, NY, USA). All comparisons between the Cys23 and Ser23 5-HT 2C receptors were carried out on the same day and with the same drug solutions. In Scatchard analyses, [ before the experiment. Observations on the transfected cells were made with the cells in a standard perfusion medium containing 150 mM NaCl, 4.5 mM KCl, 1.2 mM NaHCO 3 , 2.0 mM CaCl 2 , 1.0 mM MgSO 4 , 10 mM glucose, 2 mg/ml BSA, and 10 mM HEPES (pH 7.4). Prior to addition of 5-HT, the cells were loaded with 10 mM Fura-2 AM for 20 min according to the method of Fatatis et al. 30 5-HT or m-CPP was administered for 30 s, and the procedure was repeated five times at intervals of 20 min.
Fura-2 fluorescence in cells on coverslips was imaged with an inverted fluorescent microscope on a vertical optical bench using a Nikon Â 20 objective (1.3 numerical aperture). Fluorescence was measured at 1-s intervals with a CCD camera. Approximately 10% of the 50-70 cells in each field responded to 10 mM 5-HT or m-CPP with at least a three times the resting level.
GDP/GTPgS exchange assay
The coding region of the human 5-HT 2C cDNA (INI form) was subcloned into the BacPAK9 transfer plasmid (Clontech, Palo Alto, CA, USA) in the EcoRI and XbaI position of the multiple cloning site. Sf9 cells were cotransfected with BSU361-digested Bac-PAK6 baculovirus DNA (Clontech) and with the 5-HT 2C -containing recombinant BacPAK9 plasmid. Cells were harvested 60 h postinfection, and the postnuclear fraction (P2) was collected as described previously. 31 To remove endogenous G proteins as well as other extrinsic membrane proteins, 5-HT 2C receptor-expressing membranes were immediately extracted from this fraction with 7 M urea, using a minor modification of the previous procedure. 31 The final pellet was resuspended in solution A with 12% sucrose, and aliquots were frozen and stored at -801C. Urea-extracted 5-HT 2C -receptor-ligand binding sites were quantitated by analysis of binding with [
3 H]mesulergine and the amount of Cys23 or Ser23 5-HT 2C receptor-containing membrane used in the reaction was adjusted based upon this value (7776 pmol/mg of protein for Cys23 (n ¼ 3) and 5972 pmol/mg of protein for Ser23 (n ¼ 3), respectively.) Squid retina Ga q and bovine retina Gbg were purified as described previously. 31 The receptor-catalyzed GDP/GTPgS exchange on G a was determined essentially by the method of Hartman and Northup, 31 with the addition of 10 mM GDP to compete for uncatalyzed GTPgS binding. Receptor-containing membranes were mixed with G protein subunits with or without agonist on ice in a total volume of 30 ml. The addition of 20 ml of reaction solution was used to initiate the reactions. The combined solution contained 50 mM MOPS (pH 7.5), 100 mM NaCl, 1 mM EDTA, 3 mM MgSO 4 , 1 mM DTT, 3 mg/ml BSA, 10 mM GDP, and 35 S-GTPgS. Reactions were conducted at 301C, terminated by adding 2 ml of ice-cold solution B (20 mM Tris/HCl, 25 mM MgCl 2 , 100 mM NaCl, pH 8.0), and filtered over nitrocellulose membranes on a vacuum manifold. The filters were washed four times with 2 ml of ice-cold solution B and dried. The radioactivity on the filters was determined in a Wallac 1219 liquid scintillation spectrometer (Wallac, Inc., Gaithersburg, MD, USA).
Statistical analysis
In binding assays, B max and apparent K d were computed by Scatchard analysis using Grafit4 (Erithacus Software, London, UK). In competition experiments, K iH and K iL values were computed by the Pka Double program using Grafit4. The statistical significance of differences between Cys23 and Ser23 receptor alleles was determined by one-way ANOVA. Paired t-test was performed using the SAS statistical computer package (version 8.0). Figure 1 represents the displacement of [ 125 I]DOI by two agonists of the 5-HT 2C receptor, 5-HT and m-CPP, for the two alleles using the Grafit4 program of a two-site model. The allelic variants differed in that the high-affinity components (K iH ) of 5-HT and m-CPP binding for Ser23 were significantly greater than those for Cys23. The low-affinity components (K iL ) were not significantly different ( Table 1 ). The displacement of [ 125 I]DOI by DOI also showed high-and low-affinity components, but no significant difference was observed between the two alleles (data not shown). The K iH values in Table 1 , while statistically different for Cys23 vs Ser23, are relatively small in magnitude. A difference in the amount of membrane protein in the assays might produce such a difference. In the present study, since we added 100 ml of membranes without correction for protein concentration, the added protein amounts were not identical for each experiment. However, the membrane protein was not systematically different, the mean values were indistinguishable (247739 mg/ml for Cys23, n ¼ 6; 247737 mg/ml for Ser23, n ¼ 6), and the paired t-test revealed no significant difference (P ¼ 0.99). Since the difference in added membrane amounts is subtle and not systematic, the membrane protein amount cannot explain the difference in binding profiles between Cys23 and Ser23. Coupling between the 5-HT 2C receptor and heterotrimeric G proteins is a fundamental step in the signal transduction cascade initiated by the receptor-ligand interaction. Quantitative analysis of the catalytic activation of squid retina Ga q and bovine brain Gbg enabled us to evaluate the direct interaction between each variant of the 5-HT 2C receptor and G protein subunits under almost uniform experimental conditions. Figure 3 documents the suitability of the 7 M urea-extracted membrane preparation for reconstitution of 5-HT 2C receptors with G proteins. In the absence of added G proteins, these membranes display a low capacity for GTPgS binding, which is not stimulated by 5-HT. Upon reconstitution with both Ga q and Gbg, 5-HT-stimulated binding of GTPgS was restored.
Results
Ligand
In the presence of an excess amount of 5-HT, there was no significant difference between the two alleles in affinity or catalytic activity for Ga q , suggesting that the maximum response caused by 5-HT did not differ between the alleles (data not shown).
The 5-HT 2C receptor exhibits constitutive activity in transfected cell lines and the choroid plexus. 33 As previously noted for the rat 5-HT 2C receptor, 31 the human receptor also displays an appreciable activation of Ga q following in situ reconstitution, even in the absence of added 5-HT. Figure 4a shows the basal activity for Cys23 (INI form), defined as the catalytic activity of the 5-HT 2C receptor/G protein complex in the absence of any agonist. The constitutive activity was assessed by the ratio of the basal activity to the activity in the presence of 10 mM mianserin. When there is a high constitutive activity of the receptor, the inverse agonist mianserin will inhibit the basal activity and this ratio will be greater. Figure 4b shows that the Ser23 allele had a higher ratio than the Cys23 allele (ANOVA, Po0.05), suggesting that the Ser23 receptor is constitutively more active. Concomitant with an increase in constitutive activity, there was a decrease in the activation ratio by 5-HT above basal activity for the Ser23 allele as compared with the Cys23 allele. This appears to be an intrinsic difference between the two alleles, since in this experiment receptor concentration was titrated so that the ratio of receptors to reconstituted Ga q and Gbg was the same for both Ser23 and Cys23. m-CPP-stimulated intracellular Ca 2 þ mobilization by Cys23 and Ser23 receptors overexpressed in COS-7 cells after 48 h of serum deprivation To evaluate whether the Ser23 allele could be resensitized to reveal a sensitivity for an agonist more closely resembling that of Cys23, we extended the period of serum deprivation from overnight to 48 h and measured the increase in [Ca receptor (Cys23) were tested either alone or mixed with 60 nM squid a q , 300 nM bovine retina bg or both 60 nM a q and 300 nM bg. Each condition of protein composition was assayed in the presence of no added ligand, 1 mM 5-HT or 10 mM mianserin. For all conditions, the GTPgS-binding reactions proceeded for 10 min at 301C and bound GTPgS was determined as described in Materials and methods. The GTPgS-binding reactions proceeded for 30 min at 301C and bound GTPgS was determined as described in 'Materials and methods'. Under our experimental condition, the IC 50 value for inhibition of basal activity by mianserin was 44 nM, which was consistent with the range of K i value for competition binding assays or the IC 50 value for inhibition of basal inositol phosphate production by mianserin as reported previously. 34 (b) Allelic differences in the constitutive activity of 5-HT 2C receptors. The exchange catalyzed by 4 nM 5-Ht 2C Cys23 or Ser23 receptors was determined with 200 nM a q and 500 nM bg. The GTPgS-binding reactions proceeded for 10 min at 301C and bound GTPgS was determined as described in 'Materials and methods'. Each condition of protein composition was assayed in the presence of no added ligand (Basal), 10 mM 5-HT or 10 mM mianserin. Data are means7SEM for the calculated ratios of these activities. Values of each allele are based on five ureaextracted membrane fractions infected separately. saturation of the intracellular Ca 2 þ response for Cys23 was best fit by a single-site model with an EC 50 of 5557244 nM (n ¼ 6). In contrast, responses were more varied in the 15 cells expressing Ser23. Four cells showed a high sensitivity for m-CPP. At 0.1 mM, three of these four cells produced more than 50% of the maximal response, and one produced a response that was 28.6% of maximal. In addition, one of the four cells showed potent desensitization in the presence of 1-10 mM m-CPP. In the 11 remaining Ser23 cells, the m-CPP saturation of [Ca 2 þ ] i was best fit by a singlesite model with an EC 50 of 10387299 nM. Consistent with the data following overnight serum deprivation, m-CPP displayed a lower potency in these 11 Ser23 cells than for the Cys23 cells.
Discussion
The present data demonstrate that Cys23Ser, a human 5-HT 2C receptor polymorphism, is functional. We observed that the rarer Ser23 allele was constitutively more active when reconstituted with G protein subunits and was more markedly desensitized when overexpressed in mammalian cells. Therefore, Cys23-Ser may be capable of influencing interindividual variations in behavior, susceptibility to mental disorders, and drug response.
The reconstitution analysis of 5-HT 2C receptors enabled us to evaluate the constitutive activity of the Cys23 and Ser23 alleles under almost identical conditions. We found that the binding profiles of the two alleles to mesulergine were almost identical and the K d values were consistent with those of putative uncoupled 5-HT 2C receptors expressed in COS-7 cells. These results indicate that there may be no difference between the two alleles in binding when the receptor is uncoupled and inactive. There also is no significant difference between the two alleles in either affinity for G proteins or in G protein catalytic activity when 5-HT is present in excess, which indicates that the amplitude of maximal receptor activation (due to the fully active form of the receptor) does not differ between Cys23 and Ser23. On the other hand, Ser23 can activate Ga q to a higher degree than can Cys23 in the absence of 5-HT, suggesting that Ser23 is constitutively more active.
Expressed in mammalian cells, the more highly constitutively active Ser23 allele was functionally downregulated, showing a lower affinity for both 5-HT and m-CPP. We hypothesize that this difference is due to a higher proportion of partially desensitized Ser23 receptors than Cys23 receptors. This hypothesis is consistent with the proposal by Fathy et al 35 that receptor desensitization occurs in proportion to constitutive activity. Increased desensitization has been seen in constitutively active mutant a 1b -adrenergic and b 2 -adrenergic receptors. 28, 29 Constitutively active 5-HT 2C receptors are thought to be constitutively desensitized. 36 As the fetal calf serum we used to grow cells contains 5-HT, the HTR2C-transfected COS-7 cells tend to undergo agonist-induced desensitization. The constitutively more active Ser23 may be more desensitized under conditions where 5-HT is present. In the present study, Cys23Ser did not affect the affinity for DOI. The ligand-binding pocket of the receptor contributes to the specificity of ligand recognition and binding. 37 The differential effect of Cys23Ser on the affinity of m-CPP, 5-HT and DOI suggests that these ligands may have different points of interaction within the ligand-binding pocket. Since m-CPP and DOI are the relatively selective agonist of 5-HT 1B/2C receptors and the selective agonist of 5-HT 2A/2B/2C receptors, respectively, 38, 39 it is likely that the favored positions of the 5-HT 2C receptor to interact with these two ligands are not identical. Cys23Ser might influence the points in the binding pocket that interact with 5-HT and m-CPP when the receptors are partially desensitized.
The level of expression of GPCRs can also influence constitutive activity. Gurdal et al. 40 showed that marked myocardial overexpression of b 2 -adrenergic receptors leads to induction of a maximal response without agonist. Similarly, in our reconstituted system, higher concentrations of 5-HT 2C receptors led to higher levels of receptor activation without agonist, as long as the concentration of G protein subunits was sufficient (data not shown). This receptor-density-dependent increase in 5-HT 2C receptor efficacy may be a result of receptor-receptor interactions, such as an increase in the stability of the dimeric state. 40 With the transient transfection approach we used in COS-7 cells, 5-HT 2C receptors were expressed at very high concentrations, about 50 times those in the cortex reported by Pandey et al. 41 We suggest that both Ser23 and Cys23 5-HT 2C receptors may have been shifted towards the constitutively active state due to overexpression. This shift may have enhanced the tendency of the Ser23 receptor to desensitize in the presence of agonist. In the present study, the dose-response curve of 5-HT for Cys23 after overnight serum deprivation fits a onesite model, while the dose-response curve for Ser23 fits a two-site model. These results indicate that overnight serum deprivation was insufficient to resensitize all Ser23 5-HT 2C receptors and not a few Ser23 receptors seemed to remain partially desensitized. The dose-response curve of 5-HT for Ser23 appears to shift to the right without any change in the maximal response when receptors are partially desensitized. As Dunwiddie et al 42 reported concerning agonist-induced desensitization of the adenosine A 3 receptor, partial desensitization of the Ser23 5-HT 2C receptor may reduce the affinity of 5-HT for the receptor rather than uncouple it.
It is intriguing that when serum deprivation was maintained for 48 h, four of the 15 cells expressing Ser23 exhibited abnormally high sensitivity to m-CPP, while the remaining 11 cells still showed low affinity. These results indicate that when completely resensitized, Ser23 may exhibit higher affinity for agonist than Cys23. Alternatively, prolonged serum deprivation may cause cell damage, and the appearance of abnormally high sensitivity for agonist may be a response of these Ser23 cells to pathological insult rather than full resensitization.
The 5-HT 2A and 5-HT 2C receptors are closely related structurally and evolutionarily, and both activate phospholipase C via the G q family of proteins. 43, 33 Interestingly, when both receptors are overexpressed in the same cellular environment, they exhibit a similar maximal response to 5-HT. The 5-HT 2A receptor, however, has a much lower constitutive activity than does the 5-HT 2C receptor 33 and is less sensitive to 5-HT-mediated desensitization. 43 These results parallel the differences in constitutive activity and desensitization that we have proposed based on our data on the Cys23 and Ser23 alleles.
The discovery of the involvement of constitutively active receptors in human diseases 44, 45 has increased interest in treatment with blockers of constitutive activity, known as inverse agonists. 5-HT 2C receptors, except those that are fully RNA edited, exhibit potent constitutive activity. 31, 33, 24 Significantly, several antipsychotic and antidepressant drugs display inverse agonist activity for the 5-HT 2A and/or 5-HT 2C receptors. 11, 12 Can the Cys23Ser polymorphism alter clinical sensitivity to inverse agonists? Sodhi et al. 20 reported that 90% of subjects (19/21) who had one or more Ser23 alleles were classified as clozapine responders, compared with 59% of subjects (84/141) who lacked this allele (w 2 ¼ 7.7, P ¼ 0.005), suggesting that Ser23 may be a predictor of good response to clozapine. Since clozapine has high affinity for the human 5-HT 2C receptor and acts as an inverse agonist, 12 higher constitutive activity of Ser23 might mechanistically explain this association.
A well-known clinical effect of clozapine is weight gain, and Westberg et al. 46 have recently reported an association between the Ser23 allele and weight loss in teenage girls never treated with clozapine. Since 5-HT 2C receptor knockout mice become overweight as a result of abnormal control of feeding behavior, 2 it is possible that Ser23 could lead to higher food intake via enhanced constitutive activity, and that clozapine treatment could also lead to weight gain through its action to block 5-HT 2C receptors. Ertugrul et al 47 have found that genotype 5-HT 2C ser, ser/ser or cys/ser is associated with basal metabolic index in patients with schizophrenia than is genotype 5-HT 2C cys or cys/cys at baseline and after 6 weeks treatment with clozapine.
RNA editing is an important mechanism to silence the remarkable constitutive activity of 5-HT 2C receptors. 24 The editing status of this receptor in the brain differs for subjects with psychiatric disorders and controls. 25, 26 In particular, D-site editing is decreased significantly in depressed suicide victims. 26 D-site editing is essential for generating the fully edited forms of human 5-HT 2C receptors (VSV and VGV). These two forms of the edited receptor would contribute to silencing constitutive activity because their activities are markedly lower than that of the nonedited form (INI). It is conceivable that a decrease in D-site editing in the prefrontal cortex of suicide victims may result in an increase in constitutive activity of 5-HT 2C receptors in that area. If increased constitutive activity arising from altered RNA editing contributes to or complicates therapy in certain psychiatric disorders, Ser23 would promote this effect by further enhancing constitutive receptor activity.
The Ser23 allele is hemizygous in 13% of Caucasian males and is found in more than one in four females. Year by year, there is growing interest in the constitutive activity of GPCRs since such activity appears to be implicated in psychiatric disorders and because elaborate mechanisms have evolved to regulate it. The more constitutively active Ser23 allele is, therefore, a potentially significant allele in human behavior. In concert with RNA editing, the Cys23Ser polymorphism may contribute to a variety of behavioral traits and psychiatric disorders or influence the therapeutic efficacy of drugs that act at the 5-HT 2C receptor.
